Theoretical and experimental investigations of transmission coefficients of longitudinal waves through metal plates immersed in air have been carried out for noncontact and nondestructive testing (NDT) of metal plates. Transmission coefficients through metal plates in water and through polymer plates in air have also been shown for comparisons. Theoretical relations between the transmission coefficients and the Lamb wave dispersions were described. It was confirmed that the transmission coefficients took high values when the Lamb waves were generated without exception. Quantitative evaluations for the transmission coefficients were investigated for the use of the air-coupled ultrasounds. The experimental verifications were carried out using 1-, 3-, and 5-mm-thick aluminum plates. The experimental results of the transmission coefficients were in fairly good agreement with the theoretical predictions.
Introduction
An air-coupled transduction of an ultrasound propagating in a solid material is one of the powerful tools for nondestructive testing (NDT). Because of its noncontacting feature, the air-coupled transduction can be applied to NDT in various environments, high temperature, vacuum and so on, where conventional contacting methods cannot be applied. The air-coupled transduction has also been anticipated to apply to on-line monitoring for a production line because of rapid scanning of samples without contaminations. Comparing the other noncontact methods like laserultrasound and electro magnetic acoustic transduction (EMAT), the method has two main advantages; (1) it is cheaper than the other methods, (2) it can be easily applied only to exchange from conventional contacting transducers to air-coupled transducers.
Two types of air-coupled transducers have been mainly used in the current research field of NDT. There are the piezoelectric composite transducer 1, 2) and the capacitive transducer. 3, 4) Recently, the capacitive transducer has been well refined to operate at wider frequency range with flat response due to micro-machined manufacturing. 5, 6) The capacitance transducer is mainly consisted in just two parts. One is the front vibrating membrane with thinly coated electrode, and the other is solid conductive back-plate with micro-sized air pockets. The air pockets were manufactured classically by sandblaster, 1) and recently by micro-machining. 5) The membrane and the back-plate are formed as a capacitance transducer. The air-gap between the membrane and the back-plate acts as air spring, so the impedance matching between the transducer and air is very well. In accordance with the transducer mechanism, broadband response could be achieved. By using this broadband response, the broadband impulse source was observed. 7) Defect depths estimation by measuring the transverse resonances of polymer-composite-, 8) metal-9) and multilayeredplates 10) were also achieved by the normal incidence of air-coupled ultrasounds with broadband response. On the other hand, the piezoelectric composite transducer consists of piezoelectric pillars embedded in polymer matrix. This structure reduces the density as well as the acoustic impedance of itself also to reduce the impedance mismatch between the air/solid interface. Quarter-wavelength matching layers and high-gain amplifiers (usually 80-100 dB) having optimized electronics are also employed to improve the insertion losses. Recent improved processes of manufacturing the piezoelectric composite transducers also contribute reasonable efficiencies for air-coupled transductions for metal specimens having high acoustic impedances. The Lamb wave generations and detections using piezoelectric composite transducers were carefully compared with a simulation model using finite-elementary method (FEM). 2) Also described in Ref.
2) was very sensitive critical-angle alignment for Lamb wave transductions in air.
In spite of the recent improvements of air-coupled transductions described above, the great impedance mismatch between air and solid matter still exist as one of the greatest drawbacks of airborne ultrasounds. Therefore, transverseresonances of plate specimens have been utilized as not only normal-incidence for bulk wave generations but also obliqueincidence for the Lamb wave generations. So many applications for the Lamb wave transductions using the airborne ultrasounds were reported. Acoustic anisotropy measurements of various kinds of thin plates, 11) lap-joint qualities of adhesive aluminum plates, 12) plate thickness measurements using the Lamb wave dispersion-relations, 13) moisture-content estimations in polymer materials using the attenuation factors of the A 0 -mode Lamb waves, 14) thickness measurements of Al plates 15) and delamination detections in CFRP plates 16) were, respectively, carried out. Very interesting way to use the zero group velocity (but finite phase velocity) region of the S 1 -mode Lamb wave was proposed for efficient defect detection in plates. 17) As described before air-coupled transductions of the Lamb wave are much suitable for NDT technique for plate structures, while the great impedance mismatch exists between air/solid interface without exception. Therefore to know about the transmission coefficients of oblique incidence of the longitudinal waves in air through solid plates are of great importance for NDT applications of solid plates. Especially in metal plates comparing to polymer plates, impedance mismatches are extremely high.
In this paper, transmission coefficients of metal plates were quantitatively evaluated to investigate the characteristics of the Lamb wave transductions using airborne ultrasounds. Theoretical and experimental investigations of oblique incidence of longitudinal waves in air through metal plates are not yet demonstrated in detail because of some doubts about the feasibility due to extremely large differences of acoustic impedances until now. Theoretical calculations of transmission coefficients of aluminum plates immersed in air were presented to compare the experimental results. Extremely large insertion losses were observed in the experiments. It was confirmed that the experimental transmission coefficients agreed with the theoretical predictions.
Theoretical Transmission Coefficients
Reissner first theoretically deduced a transmission coefficient of oblique incidence of longitudinal wave through a plate specimen immersed in liquid in 1936.
18) It was confirmed that the experimental coefficient through an aluminum plate immersed in water were agreed very well with the calculated estimation. [19] [20] [21] Transmission coefficients through a stratified plate 22, 23) and a viscoelastic plate 24) were also reported as theoretical expansions of Ref. 18 ). Needless to say, above-mentioned theories can be applied also for the calculation of transmission coefficients for plate specimens immersed in air. Then the theoretical transmission coefficients of oblique incidence of weakly focused longitudinal waves through a polymer composite material immersed in air were shown along with the experimental outcomes. [25] [26] [27] The transmission coefficient T with respect to an incident angle through an isotropic solid plate immersed in liquid or gas was shown in eq. (1). 18 ) Figure 1 shows a schematic illustration of the actual experimental setup for the measurement of the transmission coefficient T to clarify the relation between the theory and the practice described in the next section.
where
respectively, and v, v t , v l , , 1 , d, and ! are the longitudinal velocity of the liquid or gas, the transverse and the longitudinal wave velocities of the plate material, the densities of the liquid or gas and the plate material, the thickness of the plate and angular frequency, respectively. Following calculations were carried out using material parameters shown in Table 1 .
Color-scale representationss of transmission coefficients of an aluminum plate immersed in water and in air are shown as functions of both incident angle and fd (frequency Â thickness) value in Figs. 2 and 3 , respectively. The colorscale is depicted in decibels (dB), thus 0 dB means the total transmission. The dynamic ranges of the representations for water and air are 100 dB and 200 dB, respectively. This means the transmissions in water are generally much higher than those in air. It was confirmed that the regions having high transmission coefficients in 
where v Lamb is the phase velocity of the Lamb wave at appropriate fd value. However, the area of high transmission regions in Fig. 2 was much larger than that in Fig. 3 . Figure 4 shows transmission coefficients of normal incidence of longitudinal waves through an aluminum plate immersed in water and in air as a function of fd value. The total transmission always occurs without depending on water and air surrounding the plate, when the thickness of the plate equals an integer multiple of a half-wavelength. 25, 26) The 6-dB-width of the total transmission for air (1:8 Â 10 À4 MHzmm) is extremely much narrower than that for water (6:3 Â 10 À1 MHz-mm). As shown in Fig. 4 , the minimum transmission coefficients for water and air are À15 dB and À86 dB, respectively. Figure 5 shows the transmission coefficients as a function of incident angle of longitudinal wave through the aluminumand the steel-plates immersed in water at 1 MHz-mm. The transmission coefficients of the aluminum-and the steelplates immersed in air are also shown in Fig. 6 . Similar characteristics of the dispersion relation for the polymer plate (see Table 1 ) are appeared at the half of fd value of the metal plates because the longitudinal and transverse wave velocities of the polymer material are about half of the metal materials. Therefore, the transmission coefficient of the polymer-plate at 0.5 MHz-mm is also shown in Fig. 6 for a comparison to the metal plates. The first and second peaks in Figs. 5 and 6 are the S 0 and the A 0 modes Lamb waves, respectively. The background levels for airborne ultrasounds (Fig. 6 ) are much lower than those for underwater ultrasounds (Fig. 5) . For example, the transmission coefficients of the polymer, the aluminum (Al) and the steel plates immersed in air at the incident angle 0 are À71, À86 and À95 dB, respectively. Relatively about 10-25 dB differences between the three plate specimens for almost all the incident angles can be confirmed. The 6-dB-width of all the peaks due to the S 0 -and the A 0 -mode Lamb waves are described in Table 2 . Extremely narrow widths are also confirmed for airborne ultrasound as shown in Table 2 . Experimental results of these phenomena have been reported in elsewhere 2) from the other point of view. The transmission coefficients for Al-, steel-(at 4 MHz-mm), the polymer-plates (at 2 MHz-mm) immersed in water and in air are shown in Figs. 7 and 8 , respectively. The five modes (A 0 , S 0 , A 1 , S 1 and A 2 ) of the Lamb wave are existed at 4 MHz-mm. The characteristics of both the transmission coefficients at 4 MHz-mm for the metal plates and at 2 MHz-mm for the polymer plate are very similar characteristics to those at 1 MHz-mm shown in Figs. 5 and 6 except the number of the Lamb wave modes. 
Experimental Verifications
Transmission coefficients through the Al plate immersed in air were experimentally evaluated as a function of incident angle . 1, 3 and 5 mm-thick Al plates were used in the experiments. A schematic illustration of the experimental setup is depicted in Fig. 1 . A tone-burst-type pulser/receiver (Japan Probe JPR-10B) was used to generate and detect the longitudinal waves in air. 10-cycle negative rectangular monopole burst pulse was utilized as the source-signals in the pulser/receiver. Piezoelectric composite transducers having a center frequency 330 kHz (Japan Probe 0.4 K 14 Â 20 N) and 780 kHz (Japan Probe 0.8 K 14 Â 20 N) were used as transmitting-and receiving-transducers in the experiments. The longitudinal wave in air is generated by the transmittingtransducer and propagates through the Al plate with an incident angle . The longitudinal waves through the Al plates are detected by the receiving-transducer. As shown in Fig. 1 , the receiving-sensor was translated parallel to the aperture-surface of the two sensors to obtain the maximum amplitude. This procedure is necessary to detect the Lamb waves in the Al plates. Larger translation was needed for larger inclination of the Al plates. The transmission coefficients T exp were evaluated by measuring differences of gains between with and without the Al plate when the same amplitudes were obtained.
where, G air and G plate are gains with and without the Al plate, respectively. Time domain signals of transmitted waves through the 1-mm-thick Al plate for incident angles 8 (780 kHz) are shown in Fig. 9 . Clear and high S/N (44 dB) was obtained and confirmed. Values of both G air and G plate were 7 and 69.5 dB for 330 kHz, and were 7 and 73.5 dB for 780 kHz, respectively. The transmission coefficients for the 1-, 3-and 5-mm Al plates at 330 and 780 kHz are shown in Figs. 10, 11 and 12. Lines and circles in Figs. 10, 11 and 12 indicate the theoretical and experimental results. Experimental transmission coefficients at the peak positions were extremely far from the theoretical estimated value of 0 dB in all the cases. The theoretical calculations were carried out under the conditions of continuous plane waves, thus the directivitydependency of the transmission coefficients took infinite resolution in principle. In contrast to this, the directivity pattern of the sensors having a finite aperture is extremely much broader than the peak distributions in all the cases of the theoretical transmission coefficients. This low-resolution directivity-dependency of the experimental system is one of the main reasons to be different from the theoretical estimates. On the other hand, the experimental results except around the peak positions agreed well with the theoretical estimates in all the cases because of the broader distributions of the transmission coefficients. Therefore, the obtained results indicate that the experimental results in the broader distributions were agreed well with the theory. The experimental transmission coefficients at the region around the existence of the Lamb wave modes took 10-15 dB higher than those in the other region. These outcomes indicate that the theoretical transmission coefficient is very useful information to determine the required sensitivity of the transducer system. For example, we need around 80-90 dB gain for a metal plate immersed in air to obtain the signals, while we need at most 40 dB gain in water.
Conclusions
Characteristics of the transmission coefficients through metal and polymer plates immersed in water and air were theoretically investigated. The theoretical predictions described are very useful guide to use the air-coupled ultrasounds for metal plates. The following theoretical outcomes were obtained.
(1) The transmission coefficient takes high value, when the Lamb wave is generated due to the phase matching condition of the Snell's law. (2) In spite of the air-coupled ultrasound having an extremely high impedance gap, the total transmission occurs at the normal-incidence when the plate thickness equals to an integer multiple of the half wavelength of longitudinal wave of the plate material. (3) The transmission coefficients through plates in air are about 70 dB smaller than those in water in almost all the incident angles to the plates. (4) Around 10-25 dB differences between the steel-, aluminum-and polymer-plates were confirmed with respect to the transmission coefficients in air. (5) 6-dB-widths of the total transmissions in air are extremely narrow (about three or four digits smaller) to those in water in all the incident angles to the plates. At last of this paper, the experimental verifications were carried out using 1-, 3-, and 5-mm-thick aluminum plates. The obtained experimental results of the transmission coefficients almost agreed well with the theoretical predictions, however, some of the different results were confirmed based on the difference between the experimental and the calculation conditions. It is confirmed that the theoretical calculations are very useful to determine the required sensitivity of the air-coupled transducer for the NDT applications.
